We present a spectroscopic analysis of the H α profiles of hydrogen-rich Type II supernovae. A total of 52 Type II supernovae having well-sampled optical light curves and spectral sequences were analyzed. Concentrating on the H α P-Cygni profile we measure its velocity from the FWHM of the emission and the ratio of absorption to emission (a/e) at a common epoch at the start of the recombination phase, and search for correlations between these spectral parameters and photometric properties of the V-band light curves. Testing the strength of various correlations we find that a/e appears to be the dominant spectral parameter in terms of describing the diversity in our measured supernova properties. It is found that supernovae with smaller a/e have higher H α velocities, more rapidly declining light curves from maximum during the plateau and radioactive tail phase, are brighter at maximum light, and have shorter optically thick phase durations. We discuss possible explanations of these results in terms of physical properties of Type II supernovae, speculating that the most likely parameters that influence the morphologies of H α profiles are the mass and density profile of the hydrogen envelope, together with additional emission components due to circumstellar interaction.
INTRODUCTION
Type II Supernovae (SNe II) are produced by the final explosion of massive (>8 M ) stars. They retain a significant part of their hydrogen envelope at the time of the explosion, and hence their spectra show strong Balmer lines. Studies of the variety of SNe II have relied on photometric analysis, cataloging this group into two sub-classes according to the shape of the light curve: SNe with a plateau (quasi-constant luminosity for a period of a few months) are classified as SNe IIP, while SNe with steeper declining linear light curves are classified as SNe IIL (Barbon et al. 1979) . However, despite the role played by SNe II in stellar evolution, the impact on their environments, and their importance as standardized candles, an overall picture describing the physics underpinning their diversity is lacking. It has been suggested that SNe IIL are produced by progenitors which explode with smaller mass H envelopes, which then lead to SNe with more linearly declining light curves and shorter or non-existent "plateaus" (Popov 1993 ). Indeed, this was argued to be the case for the prototype SN IIL 1979C (Branch et al. 1981) . This would imply that SNe IIL progenitors suffer from a higher level of mass loss than their IIP counterparts. In addition, a number of SNe IIL have shown evidence for circumstellar (CSM) interaction at late times (e.g., SN 1986E; Cappellaro et al. 1995; SN 1979C, Milisavljevic et al. 2009 ), which has been interpreted as evidence of interaction of the ejecta with the pre-supernova CSM (see, e.g., Sahu et al. 2006 , Inserra et al. 2013 ). However, a number of authors have also claimed evidence for signs of CSM interaction in SNe IIP (e.g., SN 1999em, Pooley et al. 2002; SN 2004et, Kotak et al. 2009 SN 2007od, Inserra et al. 2011 , Andrews et al. 2010 SN 2009bw, Inserra et al. 2012 .
In recent years many individual studies have been published focusing on particular properties of individual SNe, but few statistical studies where the spectral and photometric properties have been directly related are available. Patat et al. (1994) found correlations and anti-correlations between the maximum B-band magnitude (M B max ), the color at maximum ((B − V ) max ), and the ratio of absorption to emission (e/a) in H α , concluding that SNe IIL have shallower P-Cygni profiles (larger e/a values) than SNe IIP. Hamuy & Pinto (2002) analyzed 17 SNe IIP and found that SNe with brighter plateaus have higher expansion velocities. Similar results were found by Pastorello et al. (2004) with four SNe II, who concluded that low luminosity SNe have narrow spectral lines indicating low expansion velocities. Hamuy (2003) used observations together with the analytical models of Litvinova & Nadezhin (1983 , 1985 to derive physical SN IIP properties. He found that more massive progenitors produce more energetic explosions and in turn produce more nickel. These results were confirmed by Pastorello et al. (2005) with a heterogeneous group of SNe II that share a very wide range of physical properties.
Despite the above results, it is currently unclear whether underlying spectral and photometric relations exist for the whole ensemble of SN II events. Therefore, here we attempt to remedy this situation by presenting an initial statistical analysis of various spectroscopic and photometric properties of a large sample of SNe II.
In this Letter, we present results showing the diversity of H α P-Cygni profiles, and relations between spectral and photometric parameters for a sample of 52 SNe. The letter is organized as follows. In Section 2, we outline our SN sample and we define the measurements, then in Section 3 we present the results. In Section 4, possible physical explanations of those results are discussed, and finally in Section 5 we list our conclusions. We note that a detailed analysis of the V-band light curve properties of the currently analyzed sample of SN II is being presented in Anderson et al. (2014, hereafter A14) .
SN II DATA AND MEASUREMENTS
The sample of SNe II employed in this study was obtained by the Carnegie Supernova Project (CSP; Hamuy et al. 2006) between 2004 and 2009 and by previous campaigns: the Calan/ Tololo Supernova Survey (CT), the Cerro Tololo SN program, the Supernova Optical and Infrared Survey (SOIRS), and the Carnegie Type II Supernova Survey (CATS). The full spectroscopic sample will be published in an upcoming paper. Data reductions were performed with IRAF 9 using the standard routines (bias subtracted, flat-field correction, 1D extraction, and wavelength correction). Detailed discussion of spectroscopic observations and reductions for CSP was first presented in Hamuy et al. (2006) , then outlined further in Folatelli et al. (2013) . These are also applicable to previous data. From this database we selected a subsample of events with sufficient data to measure our spectral and photometric parameters. SN IIn and SN IIb were not analyzed in this work.
SNe II show a large diversity in their spectra. As the dominant spectral feature is the H α P-cygni profile, for this initial study we concentrate on this line's properties. The H α line presents a diversity that can be derived from the shape and strength of the emission and absorption, and from the line width. Figure 1 shows the variety in SNe II H α P-Cygni profiles, where the SNe are ordered in terms of an increasing ratio of absorption to emission (a/e) components (as defined below) around a common epoch at the start of the recombination phase. We see that the absorption is the component which that changes most from one SN to another rather than the emission. To analyze the SNe spectra within our sample, we define two measurements: (1) the expansion velocity in H α using the FWHM of the emission, and (2) the ratio of the equivalent 9 IRAF is distributed by the National Optical Astronomy Observatory (NOAO), which is operated by the Association of Universities for Research in Astronomy (AURA), Inc., under cooperative agreement with the National Science Foundation. The host galaxy features were removed and the spectra are shifted to be centered on the peak of the H α emission. The epochs of the spectra shown are those in closest time proximity to t tran + 10. In general, the difference between epochs of the spectra and t tran + 10 is within ±10 days.
(A color version of this figure is available in the online journal.)
widths (EWs) of the absorption to emission (a/e) components of H α . This ratio was initially proposed by Patat et al. (1994) as the flux ratio of the emission to absorption. However, we choose a/e because in a few SNe, H α shows an extremely weak absorption component. In order to relate spectral and light curve properties we use the V-band photometric properties as defined by A14: s 1 : initial decline from the maximum (magnitudes 100 d −1 ), s 2 : "plateau" decline rate (magnitudes 100 d −1 ), s 3 : radioactive tail decline (magnitudes 100 d −1 ), M max : magnitude at V-band maximum, and OPTd: optically thick phase duration (days): time from the explosion epoch through the end of the plateau phase. We define a common epoch in order to measure spectral properties, which we identified in the light curves: the B-band transition time plus 10 days (t tran + 10, at the start of the recombination phase). The transition time is defined as the transition between s 1 and s 2 determined by chisquare minimization. It is measured in the B band because the transition is more evident than in the V band, and therefore we can include more SNe in our analysis. We interpolate all the spectral measurements to this epoch. These parameters are all labeled in the light-curve parameter schematic presented in Figure 2 (left).
To estimate SN ejecta expansion velocities using H α , the minimum flux of the absorption component of the P-Cygni line profile is commonly used. However, a few SNe in this sample present an extremely weak absorption component, complicating this method. Therefore, we employ the FWHM of the emission line for velocity estimations. To verify the concordance between these methods we measure velocities from the minima of the absorption and the FWHM of the emission in H α in SNe with a well-defined absorption, finding consistent results. The ratio of absorption to emission (a/e) in H α was obtained by measuring the EW of each component. Examples of these measurements are shown in Figure 2 (right). The top panel shows a normal H α P-Cygni profile, i.e., a profile with well defined absorption and emission components, while the bottom panel shows a peculiar profile with an extra absorption component on the blue side. Similar features were identified by Leonard et al. (2001 Leonard et al. ( , 2002b Leonard et al. ( , 2002a in SN 1999em as high velocity (HV) features, while in the case of SN 2005cs the line was identified as Si ii λ6355 absorption (Pastorello et al. 2006 ). This peculiar structure complicates measurements of the EW of absorption, because it is hard to objectively define the continuum. Therefore, we simply trace a straight line along the absorption feature to mimic the continuum flux, which can be seen in Figure 2 (right). All spectral measurements were performed with IRAF using the splot package. The errors for the H α velocity and a/e are mainly dominated by how the continuum is defined. Errors were obtained by measuring the FWHM and the EW many times, respectively, changing the trace of the continuum. Using these multiple measurements we calculate a mean and take the standard deviation to be the error on that measurement.
RESULTS
In Table 1 , we list the measured spectral and photometric parameters: H α velocity, a/e, s 1 , s 2 , s 3 , M max , and OPTd for each SN, together with the host galaxy, the heliocentric radial velocity, and t tran . We searched for correlations between all seven of our defined parameters against each other at different epochs: t tran , t tran − 10, t tran + 10, t tran + 20, t tran + 30 (measured in the B band), and 30 and 50 days since explosion. Using the Pearson correlation test, a/e was observed to be the dominant measured spectral parameter as it has the highest correlation with all other parameters at all epochs. However, at t tran + 10 the correlations are strongest, hence this time was chosen as the common epoch. This is justified from a physical point of view because at this epoch all SNe are entering a similar phase in their evolution, i.e., the recombination phase. The photometric parameter s 1 has the highest mean correlation; however, it shows no correlation with the H α velocity, while s 2 shows high correlation with all parameters. In A14 the photometric correlations are presented. Table 2 shows the strength of the correlations among all our parameters, plus the number of events (within each correlation) and the probability of finding such a correction by chance. The light-curve parameters plus the H α velocity are plotted versus a/e in Figure 3 . The plot shows that SNe with smaller a/e have higher H α velocities, more rapidly declining light curves after maximum both in the "plateau" and radioactive tail phases, are brighter, and have shorter OPTd values. SNe with higher a/e show opposite behavior. Given that OPTd and s 3 are most likely related to the envelope/ejecta mass (see A14 for detailed discussion), this would appear to imply that a/e is also related to the mass retained by the progenitor before explosion. Indeed, this further points to SNe being historically classified as IIL (high s 2 ) as they have smaller mass envelopes at the epoch of explosion than their IIP (low s 2 ) counterparts. Moreover, we see a continuum of events in terms of spectral diversity, thus suggesting a possible continuum in pre-SN envelope masses. In Figure 3 , one can see an extreme object, SN 2006Y, specifically in panels A, B, and E. To test whether this object drives our correlations we re-do the Pearson test for all correlations, removing this object. While the strength of the correlations decreases very slightly, all correlations hold, and therefore this object is not driving our results.
We also searched for correlations between a/e and the photospheric velocity, derived from the minimum of absorption of the Fe ii λ5169 Å line at the epoch defined above. However, perhaps surprisingly, no evidence for correlation was found.
DISCUSSION
We have presented and analyzed the H α spectral diversity in 52 SNe II and their correlations with photometric parameters. Analyzing the sample we see a variety in the H α P-Cygni profiles which can be derived from the shape and strength of the emission and absorption, and from the line width. Patat et al. (1994) , with a bigger sample (116 events in the V band), suggest an observational continuum of events which may be driven by differences in envelope mass at the epoch of explosion, a parameter which is most directly constrained in A14 through observations of the optically thick phase duration (OPTd) and the decline rate during the radioactive tail (s 3 ). This conclusion of an observational continuum is also supported by the spectral analysis presented in this paper (see Figure 3) , where differences in the spectral parameters (especially a/e) may also be explained by changes in the hydrogen envelope mass retained. Schlegel (1996) discussed possible explanations for the behavior of the H α P-Cygni profile with the most likely being: (1) extra emission fills in the absorption component (as can be seen in SN 2008aw, Figure 2 , bottom); (2) the envelope mass is low; and (3) a steep density gradient in the hydrogen envelope. The first explanation invokes emission scattering off either CSM or the outer envelope (in the case of very extended envelope). The second explanation is described in a low-mass envelope, where there is less absorbing material, so little P-Cygni absorption component will be formed. The third explanation argues that a very steep density gradient implies less absorbing material at high velocities, and so does not produce a well-defined P-Cygni profile. Although these considerations could explain the diversity found in our sample, numerous studies discuss other explanations based on the complex P-Cygni line profiles. Baron et al. (2000) created the term "complicated P-Cygni profile" to explain the double P-Cygni absorption found in Balmer Series and He i λ5876 in SN 1999em, concluding that these absorption features arise in two velocity regions in the expanding ejecta of the SN at different velocities. Pooley et al. (2002) argue that this extra component might be the signature of weak interaction with a low density CSM, while Chugai et al. (2007) attributes these features to ejecta wind interactions. In conclusion, the change in the H α P-Cygni profile (a/e and FWHM of emission) is most likely related to two parameters: changes in the envelope properties (i.e., its mass and density profile) and the degree of CSM interaction. Although the possible explanations for the behavior of the H α P-Cygni profile have been exposed, these extra components could be attributed to HV H i features or absorption lines of other ions (Si II). This issue will be further explored after a full spectral analysis. This will determine if similar features are also present in the blue side of the He i λ5876 and H β .
CONCLUSIONS
We presented an initial analysis of the spectral diversity H α of SNe II and how this relates to light-curve properties. We found that while much diversity and peculiarities exist, spectral and photometric properties do appear to be correlated, which can be linked to pre-SN properties. Our main conclusions are as follows.
1. a/e is an important parameter describing the spectral diversity of SNe II. 2. SNe with low a/e values appear to have high H α velocities and decline rates, are brighter, and have a smaller OPTd values.
